Abstract: Background: Although red blood cell eicosapentaenoic acid (EPA) plus docosahexaenoic acid (DHA) content (the Omega-3 Index) predicts cardiovascular death, the factors determining the Index are unknown.
INTRODUCTION
Increased content of the omega-3 fatty acids eicosapentaenoic acid (EPA) and docosapentaenoic acid (DHA) in whole blood [1] , plasma phospholipids [2] or red blood cells [3] has been associated with a markedly reduced risk for sudden cardiac death. We recently proposed that the EPA and DHA content of red blood cell membranes, expressed as a percent of total membrane fatty acids (i.e., the Omega-3 Index), be considered as a possible new cardiovascular disease risk factor, particularly for sudden cardiac death [3] . Increased membrane EPA and DHA content are known to modulate the activity of a variety of membrane-associated proteins including ion channels and interleukin-1 receptors [4] . Because the presence of these long-chain omega-3 fatty acids in membranes may directly influence cell function, notably myocardial electrical stability [4, 5] , it is reasonable to consider that some measure of membrane omega-3 content (especially one that is highly correlated with that of human cardiac tissue [6] ) may serve as a risk marker. Indeed, we recently reported that a reduced omega-3 blood level was associated with increased odds for acute coronary syndromes in young [7] and more elderly [8] individuals.
If blood cell omega-3 content is to be used as a risk factor, then the factors that influence this marker need to be elucidated. In a small series of healthy volunteers, we found that the most important determinant of the Omega-3 Index *Address correspondence to this author at the Division of Epidemiology, Department of Community and Preventive Medicine, University of Rochester School of Medicine and Dentistry, Box 644, 601 Elmwood Avenue, Rochester, New York 14642, USA; Tel: (585) 233-7265; Fax: (585) 461-4532; E-mail: robert_block@urmc.rochester.edu was, not surprisingly, the intake of oily fish (tuna/other nonfried fish) [3] . But unexpectedly, age and BMI were also predictors independent of fish intake. Hence, there is a need for a more focused examination of the clinical, anthropometric, and lifestyle factors that, together, influence the Omega-3 Index.
METHODS

Subjects
Seven hundred sixty-eight subjects were recruited as controls between March 8, 2004 and March 1, 2005 as part of a case-control study examining the relationship between blood fatty acid composition and the presence of an acute coronary syndrome. The relationship between acute coronary syndrome status and blood cell EPA and DHA has been previously reported for this case-control study cohort [8] . Permission was sought from male and non-pregnant female outpatients age 35 and older having blood drawn for routine clinical testing at blood drawing centers at Saint Luke's Hospital in Kansas City. By selecting patients from an outpatient clinical laboratory, we were able to include subjects with medical issues warranting care. A history of coronary heart disease or other chronic diseases did not exclude them from participation. One additional 10-cc EDTA tube was obtained from each subject, and each was asked to complete a 2-page questionnaire to capture demographic and relevant medical history information. This 2-page questionnaire included questions regarding demographics, personal medical and family history, medications, fish and fish oil intake. Fish intake was categorized as: never, less than 1 serving per month, 1-3 servings per month, 1 serving per week, at least 2 servings per week, as the answer to this question has been shown to be a powerful predictor of red blood cell EPA+DHA content [3, 9] and risk for death from ischemic heart disease in the Cardiovascular Health Study [10] . The study was approved by the hospital's institutional review board and conformed to the guidelines outlined in the Declaration of Helsinki.
Laboratory Methods
Blood cell fatty acid composition of EPA and DHA was measured as previously described [8] . Briefly, cell membranes were isolated by ultracentrifugation, and membrane fatty acids were converted to methyl esters by heating them at 100ºC for 10 min in 14% boron trifluoride. Extracted methyl esters were analyzed by gas chromatography. A custom-made mixture of fatty acids (designed to mimic erythrocyte fatty acid composition; GLC 673b, Nuchek Prep, Elysian, MN) was included as an external standard with each run for peak identification and for response factor adjustment. The response factor for palmitic acid was assumed to be 1.0, and that for EPA and DHA was calculated based on this assumption. Fatty acid peak areas were adjusted on a daily basis using these response factors and reported as a percent of the total area for identified peaks. The coefficient of variation for EPA+DHA was 5%. Serum lipids were measured in the hospital clinical laboratory by routine enzymatic methods. In those samples with triglycerides under 400 mg/dL, low density lipoprotein cholesterol (LDL-C) was calculated by the Friedewald equation [11] ; otherwise LDL-C was not reported.
Statistical Analysis Method
A multivariable log-normal regression model was developed to determine variables associated with the marker of primary interest, i.e., the percent EPA+DHA in blood cell membranes (Omega-3 Index). Mallow's CP method of model selection [12] was used to identify parsimonious models. Additional covariates selected a priori to be in the model were: BMI, gender, HDL-C, LDL-C, and diabetes mellitus (yes/no). A separate model with the same final predictor variables was fitted to the 228 women in the study of which 217 could be classified as either estrogen sufficient (pre-menopausal or post-menopausal taking hormone replacement therapy) or estrogen deficient (post-menopausal not taking hormones). Separate models with the same predictor variables were also fitted to those individuals with and those individuals without a diagnosis of prior myocardial infarction, or revascularization via coronary artery bypass graft surgery or percutaneous transluminal coronary angioplasty. Diagnostics were conducted to verify model assumptions. A p-value <0.05 was used to ascribe statistical significance. SAS ® version 9.1 (Cary, N.C) software was used for all analyses. The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
RESULTS
Blood samples and questionnaires were available from all 768 subjects. Since the cohort was overwhelmingly Caucasian (91.7%) [African American (7.9%), other (0.4%)] the analyses were restricted to this study group as it was the only racial category large enough to consider the interaction effect between fish oil supplements and fish intake. These subjects (n=704) were 67% male with a BMI of 28 ± 6 and an age of 62 ± 12 years. Fourteen percent of individuals had a diagnosis of a prior myocardial infarction or revascularization. Fish oil supplements were being taken by 34%, 13% were smokers, and 16% of subjects were reported as having diabetes mellitus ( Table 1) . The average Omega-3 Index (EPA+DHA content of blood cells) for the study group was 4.3% ± 2.0% (mean ± SD). For those individuals who did not report taking fish oil supplements it was 3.4% ± 1.3% and for those on supplements it was 6.0% ± 2.1% (p <0.0001). Seven parsimonious models were identified which reduced the original 20 covariates (Table 1 ) to the following 8 that were significant covariates in all seven models: supplementation with fish oil capsules (yes/no), fish intake, age, triglycerides, current smoker (yes/no), history of myocardial infarction (yes/no), hypertension (yes/no), and high choles-terol (yes/no). The inclusion of additional covariates (BMI, gender, HDL, LDL, and diabetes mellitus) resulted in two model components (history of myocardial infarction and hypertension) becoming insignificant (p > 0.1) and were therefore dropped from the final model (Fig. 1) . A total of 551 subjects had complete data for these 11 variables, and therefore only these subjects were included in the final model. In multivariable regression analysis, the primary determinants of the Omega-3 Index were the frequency of nonfried fish intake and the use of fish oil supplements (Fig. 1) , however, there was no interaction between the two (p = 0.25). Modeling fish intake as a continuous variable fit the data as well as modeling categorically by the likelihood ratio test (X 2 (3) = 1.59, p=0.66). The Omega-3 Index was 13.2% higher for each increasing category of fish intake, and the effect of supplementation multiplied the Omega-3 Index by 58.1% regardless of the background fish intake (Fig. 2) . Fig. (1) . Multiplier effects on the Omega-3 Index for all predictors included in the final multivariable log-normal regression model. The fish consumption estimates are compared to the reference of never eating fish. Data are presented as point estimates with 95% confidence intervals.
Other significant independent determinants positively associated with the Omega-3 Index were age (+5.3% for a 10 year increase), and a history of high cholesterol (+8.1%). Negatively associated factors were being a current smoker (-8.0%) and triglycerides (-14.5% per 100 mg/dL). Factors that were not significant predictors of the Omega-3 Index included: gender, diabetes mellitus, BMI, weight, HDL, LDL, total cholesterol, some college education vs. none, some alcohol use vs. none, and a self-reported history of myocardial infarction, coronary heart disease, hypertension, or a family history of coronary heart disease. Estrogen status was not associated with the Omega-3 Index (p = 0.09). Being a smoker was also not a significant predictor of the Omega-3 Index (p-value = 0.53) for women when adjusting for estrogen status. When we adjusted for coronary heart disease status, the results did not change (data not shown). The final model (Fig. 1) explained 59% of the variation in the Omega-3 Index. Fish oil supplementation and fish intake together accounted for 47% of the variation, with the former explaining somewhat more of the variance than the latter. The multivariable linear regression equation generated is as follows: 
DISCUSSION
This study was undertaken to begin to define the factors (demographic, clinical, lifestyle, dietary) that determine the content of EPA+DHA in blood cell membranes (the Omega-3 Index). In this sample of 704 outpatients drawn from a large metropolitan hospital in the Midwest, the average Omega-3 Index for those individuals who did not report taking fish oil supplements was 3.4%, and for those taking supplements it was 6.0%. The former is lower than the 4.9% reported in healthy volunteers [3] , and below the high-risk level of 4% or less that has recently been proposed [3] . The 6.0% score, although significantly higher, is below the proposed 8% or higher target value associated with significantly reduced risk for coronary heart disease death [3] . The intake of omega-3 fatty acids required to achieve "cardioprotective" blood levels has not been established, but intakes of 500 to 1,000 mg/day of EPA + DHA have been suggested [3] and are consistent with current American Heart Association guidelines [13] . This level of intake can typically be achieved by consuming 2 to 3 servings per week of oily fish such as albacore tuna, mackerel, herring, salmon, or sardines, or by taking 2-3 standard over-the-counter fish oil capsules each day. However, in this study individuals consuming that amount of fish and taking a supplement still did not achieve levels demonstrated to be most protective [3] . Even in those who reported eating fish at least twice each week and also taking an omega-3 supplement, the average level of 7.5% found is less than this target of 8%. Thus, although supplementation was associated with higher levels, even greater intake than that in this highest intake group appears necessary to achieve levels associated the greatest reduction in risk for sudden cardiac death. Of note, red blood cell EPA+DHA varied over 7-fold in this sample. Complicating these public health implications of low intake of EPA+DHA is that, while we assumed that much of the variance was due to differences in EPA+DHA intake, the extent to which intake determines the Omega-3 Index is not clear.
The number of servings of oily fish consumed per month did indeed have a major effect on long-chain omega-3 fatty acid blood levels (Fig. 2) . This was, of course, expected and suggests that simply inquiring about the number of tuna or non-fried fish meals that a patient is consuming on a monthly basis will provide a reasonable estimate of his/her red blood cell EPA+DHA. This finding confirms what has already been shown with omega-3 fatty acid capsules; i.e., that the EPA+DHA content of red blood cell membranes provides a good estimation of omega-3 fatty acid intake [3] .
As observed in a previous cohort [9] of only 163 subjects, increasing age was an independent predictor of higher red blood cell EPA+DHA, even after adjusting for fish and fish oil capsule intake. This is a robust association as it is also consistent with findings in very different populations: the Inuit of Nunavik, the James Bay Cree, and residents of metropolitan Quebec City [14] [15] [16] . Since detailed information about omega-3 fatty acid intake was not obtained in this study, it is possible that older individuals taking supplements might take more capsules, use more highly-concentrated capsules, or take them more consistently than younger persons who supplemented. There may, however, be a nondietary basis for this observation since older rats have higher cardiac DHA levels than younger rats fed the same diet [17] . One could speculate that older individuals may consume more alpha-linolenic acid or may convert it to longer chain omega-3 fatty acids more readily than younger people. Finally, the correlation between higher a Omega-3 Index and age could reflect an increasingly slower turnover of omega-3 fatty acids in tissues. More studies in humans are needed to explore these possibilities given that current recommendations for omega-3 fatty acid intake for individuals with and without coronary heart disease do not differ by age [13] .
An increasing body mass index was not associated with the Omega-3 Index independent of fish and supplement intake. A simplistic interpretation of this observation may be that the volume of distribution of EPA+DHA in blood does not vary significantly in the setting of variations in the distribution of adipose tissue. These findings contrast with those of Cazzola et al. [18] who found a lower omega-3 fatty acid content of red blood cell membranes in overweight and obese subjects than those of normal weight. These authors found that red blood cells from these individuals were more susceptible to oxidative stress, suggesting that oxidation may be a mechanism for reducing omega-3 levels. The difference between the findings of these two studies may be due to the fact that Cazzola, et al. classified individuals as either normal weight (BMI <25) or overweight-obese (BMI [25] [26] [27] [28] [29] [30] [31] [32] [33] and the majority of our subjects were overweight or obese but classified as obese only if their body mass index was >30.
We did not find a gender-related difference in the Omega-3 Index, confirming our previous observation [9] in a much smaller cohort of 163 subjects. It has been recently reported that women may have a greater capacity to synthesize long-chain from short-chain omega-3 fatty acids [19, 20] , and tend to have higher plasma DHA levels than men [19, 21] . This may reflect their physiological need to provide pre-formed DHA to the developing fetus. Hence, we expected that the women in our survey would have higher proportions of EPA+DHA in blood cell membranes than the men. We, however, found no relationship between gender and the Omega-3 Index, and no interaction between gender and supplementation status. This indicates that the lack of an association of gender with the Omega-3 Index was seen in those women taking fish oil supplements and those not doing so. Hence gender alone (at least among older subjects) may not be an important determinant of blood cell EPA+DHA.
Although in our previous study [9] we found no relation between the Omega-3 Index and smoking status, in the present study smokers had, on average, an 8% lower Index than non-smokers. This is in agreement with some [7, [22] [23] [24] [25] , but not other observations [26, 27] . The contrast with the findings in our prior study may be due to that study's much smaller sample size (163) or to the fact that the current study was limited to Caucasians whereas the prior study included 18% non-Caucasians. The pro-oxidative state characteristic of smokers [28] might be expected to accelerate the destruction of long chain polyunsaturated fatty acids like EPA and DHA. Another observation that failed to confirm findings from our previous study related to diabetes mellitus. Here we found that the presence of diabetes mellitus was not associated with the Omega-3 Index whereas in our earlier study these were inversely related [9] . A reduced Omega-3 Index in diabetic subjects has been reported by some [29] but not other investigators [30] [31] [32] . A reduced EPA level might be expected in individuals with diabetes because the delta-6 and delta-5 desaturases (enzymes responsible for convertinglinolenic acid to long chain n-3 FA) have been reported to be inhibited [33, 34] .
The evidence for a lower risk of ischemic cardiac death in those with higher levels of EPA and DHA is strong (see review by Wang, et al. [35] ). Recent evidence also has shown that, in the setting of the typical United States diet, low whole blood levels of EPA and DHA are an independent risk factor for other acute coronary syndromes [7] . Although supplemental EPA and DHA is known to reduce serum triglyceride levels (high levels are a cardiovascular disease risk factor [36] ), the data from this adult cohort along with that from a middle-aged segment of the same cohort [7] , are some of the first to demonstrate that triglyceride levels are associated with blood Omega-3 Index levels. These findings suggest that part of the reduced risk for coronary heart disease in subjects with higher blood levels of EPA and DHA may be mediated by changes in blood lipids, in contrast to prior studies that have suggested that risk reduction is independent of triglyceride levels [1, 37, 38] .
LIMITATIONS AND FUTURE DIRECTIONS
A limitation of this study is that it is cross-sectional in nature, temporal relationships cannot be established, and thus causal inferences cannot be made. This study was limited to Caucasians and thus generalizability to other populations is limited. Although we were able to record the frequency of fish intake, fish oil intake information was limited to whether or not an individual was or was not taking a supplement. Thus, our estimate of the contribution of supplementary EPA and DHA to the Omega-3 Index is likely to be rough. Although we did not investigate the contribution of dietary alpha linolenic acid [(ALA); a plant-derived omega-3 fatty acid] to the Omega-3 Index, the focus of the study was on the fish-derived omega-3 fatty acids which compose the Index. Finally, this was a single center study. Strengths of this study included the relatively large sample size, the use of a validated and very simple fish intake questionnaire, and the analysis of blood cell membrane fatty acid levels which has been validated against human myocardial tissue EPA and DHA levels [6] .
Further studies are warranted to more carefully define the factors, both omega-3 fatty acid intakes and other demographic and lifestyle-related, that impact this emerging coronary heart disease risk factor. In addition, studies should focus specifically on individuals at increased risk for sudden cardiac death to determine if the determinants of the Omega
